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By Thomas L. Coleman and May T. Meadows
SUMMARY

Measurements of clear-air turbulence by use of alrplane-borne instru-
ments have been obtained from NACA VGH recorders during research flights
of Lockheed U-2 airplanes at altitudes between 20,000 and 55,000 feet
over Western United States, England and Western Europe, Turkey, and Japan.
An analysis of these data has indicated that at the higher altitudes
(40,000 to 55,000 feet) turbulence is both less frequent and less severe
than at the lower altitudes (20,000 to 40,000 feet). Turbulence appears
to be encountered at the high altitudes for only about 2 percent of the
flight distance as compared with 5 percent or more at the lower alti-
tudes. Moderately heavy turbulence exists on occasion at altitudes of
about 50,000 feet over Japan and appears to be associated with the strong
character of the jet stream in this area and also with a mountain-wave
phenomenon.

INTRODUCTI ON

Recently, the National Aeronautics and Space Administration, in
cooperation with the Air Weather Service of the United States Air Force,
initiated a high-altitude flight-research program aimed at providing
detailed meteorological information for various geographic areas of the
world. The primary purpose of the NASA participation in the program
was to obtain information on the amount and intensity of atmospheric
turbulence at high altitudes for application to response studies of
missiles and airplanes; whereas, the aim of the Air Weather Service was
to collect data on humidity, pressure variations, and winds for opera-
tional and meteorological analyses. In order to obtain data at alti-
tudes above the current normal operating level, the Lockheed U-2 air-
plane is being used in the investigation. Inasmuch as the U-2 airplane
is capable of extended flight at altitudes between 50,000 and 55,000 feet,
a significant increase in the altitudes that may be sampled with airplane-
borne instruments is possible.



In order to obtain data samples from varlous geographic areas,
flight operations have been conducted from four widely separated loca-
tions. The initial operations were undertaken over the western part of
the United States and over Western Europe in the spring of 1956. The
results from these operations (refs. 1 and 2} indicated somewhat lower
gust frequencies and gust intensities than did the previous estimates
given in reference 3 for average turbulence conditions over the United
States and, in part, formed the basis for the turbulence estimates given
in reference L.

Since publication of references 1 and 2, data samples have been
obtained from operations over Turkey and Japan, and additional data have
been obtained from the operations over Western Europe. The combined
sample of data on atmospheric turbulence for the four operations presently
covers approximately 150,000 flight miles at altitudes between 20,000
and 55,000 feet. This report summarizes the results obtained for the
frequency and intensity of the turbulence encountered at various alti-
tudes in the four operations. In addition, the results on the varia-
tion of the percent of flight distance in rough air with altitude are
compared with the estimates given in references 3 and b,

INSTRUMENTATION AND SCOPE (F DATA

Atmospheric-turbulence data were obtained during flights of several
Lockheed U-2 airplanes. The Lockheed U-2 is a subsonic, straight-wing,
single-engine, jet airplane originally designed for use as a high-altitude
test vehicle. A photograph of the test airplane is shown in figure 1.

The measurements pertinent to this report consisted of time histories
of airspeed, acceleration, and pressure altitude taken with NACA VGH
recorders (ref. 5). The time histories were recorded on photographic
paper moving at four inches per minute.

Inasmuch as the major interest of the present program is in meteoro-
logical conditions at high altitudes, the fl:ght plans for the operations
were selected to provide maximum sampling tire and coverage at altitudes
between 45,000 and 55,000 feet. In general, the flight plans consisted
of climbing to an altitude of approximately 15,000 feet in the vicinity
of the operations base, cruising with the alt.itude gradually increasing
as the fuel load decreased, and then descend:ng to the operations base.
As a consequence of this flight procedure, the gust measurements below
approximately 45,000 feet were obtalned primurily during the climb and
descent phases of the flights and essentially represent soundings of the
atmosphere in the general vicinity of the operations bases.



The flights were made from bases at Watertown Strip, Nevada; Laken-
heath, England; Wiesbaden, Germany; Adana, Turkey; and Atsugi, Japan.
(Two additional flights were made from a base in Alaska, and these data
have been combined with those from Japan.) A variety of flight paths
were flown from each of the bases in order to obtain a broad coverage
of the geographic areas. The areas sampled in the four operations are
indicated in figure 2. As shown in the figure, the samples were col-
lected mainly between latitudes 30° N and 55 N.

The scope of the data samples in terms of the number of flights,
total flight miles, and dates of record collection is summarized in
table I. The table shows that the data fram Western Europe, which repre-
sent 87 flights and total 60,514 flight miles, constitute approximately
LO percent of the combined data sample. Each of the other data samples
represents about 23 flights and consists of about 15,000 flight miles
for the operations over Turkey to 40,000 flight miles over the western
part of the United States. A breakdown of the data samples into the
number of miles flown within the various altitude intervals is given in
table II. As shown in the table, the majority of the flight miles for
each sample was obtalned at altitudes between 45,000 and 55,000 feet.

The flight schedules were based primarily on airplane and instru-
mentation availability and, in general, attempts were not made to schedule
flights to sample turbulence for specific meteorological conditions.

(One exception to this procedure was that one of the flights from Japan
was specifically made over a reported typhoon in an attempt to obtain
meteorological data at high altitude associated with this type of storm.
This typhoon had largely dissipated when the flight was made, however,
and no turbulence was encountered at the flight altitude.) Except for
occasional penetrations of stable cloud formations while climbing or
descending, the present operations were in clear air.

EVALUATION OF DATA

The NACA VGH records were evaluated to obtain the derived gust
velocities, the percent of rough air at various altitudes, and the length
(along the flight path) of the turbulent areas encountered. The evalua-
tion procedures are similar to the procedures used in references 1 to 3
and are reviewed briefly in the following paragraphs.

The derived gust velocities were calculated from simultaneous
readings of peak acceleration, airspeed, and altitude through the use
of the gust equation which is given in reference 6 as
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where
Uge derived gust veloclty, fps
an peak normal acceleration, g units
W airplane weight, 1b
S wing area, sq ft
Kg gust factor
Ve equivalent airspeed, fps
m wing lift-curve slope per radian
Po alr density at sea level, slugs/clt ft

In evaluating the records, the accelerztions were read to a thresh-
old sufficiently low to yield frequency courts of all gust velocities
greater than 2 feet per second. The values of wing loading W/S used
in the equation took into consideration the in-flight weight loss due
to fuel consumption. Appropriate values of the gust factor Kg were

computed for each part of the record where rough air was encountered.
The values of the lift-curve slope m used in deriving the gust veloc-
ities were based on data obtained from the eirplane manufacturer. (It
should be mentioned that the gust-velocity values presented herein may
be affected to some extent by the effects of airplane flexibility and
stability on the accelerations from which tle gust velocities were com-
puted. The magnitude of these effects is nct known, however, and addi-
tional work is required before their influerce on the gust-velocity
values can be assessed.)

For the purpose of determining the horizontal extent, or length,

of the turbulent areas, the airplane was corsidered to be in rough air
whenever the accelerometer trace was continiously disturbed and contained
accelerations corresponding to gust velocities greater than 2 feet per
second. This threshold value is approximately the same as that used in
previous gust studies, such as references 2 and 3. The length of each
turbulent area was found simply by multiplying the true airspeed by the
time spent in rough air. The summation of the lengths of the individual



areas of rough air was then divided by the total flight distance for
given altitude intervals in order to obtain the percent of flight dis-
tance in rough air for that altitude interval.

RESULTS AND DISCUSSION

The gust velocities derived from the acceleration and airspeed data
are presented as frequency distributions in table III for each operation
and also for the combined data sample. Table IV gives the frequency
distributions of gust velocity by 10,000-foot altitude intervals for the
four geographic areas of operation and also for the combined data. 1In
addition, the number of miles of flight in rough air and the total num-
ber of miles represented by each distribution are given in tables III
and IV.

Frequency of Occurrence of Gust Velocities

Variation with geographlc area.- In order to obtain an overall cam-
parison of the frequency of occurrence of gust velocities for the dif-
ferent geographic areas, the average number of gusts per mile of flight
which exceeded given values of gust velocity are given in figure 3(a) for
the four geographic areas of operation. The curves in figure 3(a) repre-
sent operations between 20,000 and 55,000 feet and were obtained by
dividing the cumulative frequency distributions of gust velocity for each
area of operation by the total miles of flight given in table III. Based
on the total data samples between 20,000 and 55,000 feet, figure 3(a)
indicates that the gust frequency for the operations over Japan was sig-
nificantly higher than that for the other three operations. The gust
frequencies for the operations over the western part of the United States
and Western Europe were approximately equal and tended to be somewhat
higher than the gust frequency for the operations over Turkey.

In view of the relatively high gust frequency indicated in figure 3(a)
for the operations over Japan, the data sample for this operation was
examined in further detail. This examination showed that the high gust
frequency for the Japanese operations resulted predominantly from two
areas of rough air which were encountered at approximately 52,000 feet
on two separate flights over Honshu Island. The contribution of these
two areas of rough air to the data is shown in table V in which are pre-
sented the frequency distributions of gust velocities for the total
Japanese data sample between 20,000 and 55,000 feet and for the two areas
of rough air encountered at 52,000 feet. The table shows that over one-
half of the gusts in the total Japanese data sample were experienced in
the 151 miles of rough air encountered on January 22, 1958 (flight CW-58-2).



The 196 miles of rough air encountered on February 26, 1958

(flight CW-58-L4) also contributed a large number of gusts to the data
sample but the rough air in this flight was of less severity than that
in flight CW-58-2.

In order to determine the effect of these two areas of rough air on
the estimated gust frequency, the gust velocities encountered in the
two flights were omitted from the distribution of gust velocities for the
Japanese operations and the results are shown in figure 3(b). Comparison
of figures 3(a) and 3(b) shows that the omission of these two areas of
rough air tends to make the turbulence experience for this operation more
comparable with that measured over the United States, Western Europe, and
Turkey.

In order to ascertain whether the two :ases of moderately heavy tur-
bulence encountered over Japan were represenltative occurrences or merely
reflected very unusual conditions, the mete>rological conditions existing
at the times of the two flights were examined. Consideration of the sur-
face and upper-air charts for the two days >f the flights showed that on
both days the Japanese islands were under the influence of moderately
severe surface cyclonic storms and that well-developed Jet streams with
peak wind velocitles of about 200 knots existed at about 35,000 feet over
the islands. These weather conditions woull be expected to be conducive
to the development of turbulence. In addition, the strong jet streams
in combination with the mountainous terrain of Japan may be expected to
give rise to mountain-wave phenomena (ref. 7) which, in turn, are con-
ducive to the formation of turbulence at hizh altitude. Severe cyclonic
storms and strong Jet streams are quite common over Japan, especially
during the winter months, and the weather conditions for the two days
on which moderately heavy turbulence was enzountered do not appear to
represent unusual conditions. In view of taese considerations, it would
appear that the turbulence levels measured on flights CW-58-2 and
CW-58-4 may represent a frequent occurrence rather than extreme condi-
tions. Additional data are required, howevar, in order to obtaln a
relisble estimate of the frequency with which such turbulence conditions
occur.

Variation with altitude.- Previous invsstigations (ref. 3, for
example) have indicated that the frequency of occurrence of gust veloci-
ties generally decreased with increasing altitude. In order to examine
the variation of the gust frequency with altitude for the present opera-
tions, the gust-velocity data for the combined data sample given in
table IV are plotted in figure 4(a) in terms of the average number of
gusts which exceeded given values of gust velocity per mile of flight
within given altitude intervals. The results in figure 4(a) indicate
that the gust frequency decreased with increasing altitude between
20,000 and 50,000 feet. The gust frequency for the altitude interval




from 50,000 to 25,000 feet, however, is higher than for the lower alti-
tude intervals. This reversal in the pattern of decreasing gust frequency
with increasing altitude is due to the inclusion of the two areas of
moderately rough air encountered at 52,000 feet over Japan, as previously
discussed. In figure L(b), the gust frequencies for the various altitude
intervals again are given based on the combined data sample but with the
two areas of rough air encountered over Japan omitted. With this omis-
sion, the results indicate a significant and orderly decrease in the gust
frequency with increasing altitude for the altitude range (20,000 to
55,000 feet) covered by the data.

Percent of Flight Distance in Rough Air

The percent of the flight distance which was in rough air (clear-
alr turbulence) is bresented in figure 5 by 5,000-foot altitude intervals
between 20,000 and 55,000 feet. The results show that for the higher
altitudes (40,000 to 55,000 feet) rough air was generally encountered
during less than two percent of the flight distance. A slightly higher
percentage of rough air is indicated, however, between 50,000 and
55,000 feet over Japan. Each set of data in figure 5 shows a peak between
30,000 and 35,000 feet in the variation of the percent of rough air with
altitude. This rough air is, however, of relatively low intensity, as is
indicated in figure 4. The increase in the amount of rough air is prob-

which are normally prevalent at altitudes from 30,000 to M0,000 feet for
the midlatitude areas covered by the data (refs. 8 and 9). In this alti-

The present results on the variation in the percent of flight dis-
tance in rough air with altitude based on the combined datg samples are
compared in figure 6 with the estimates given in reference 3 and the more
recent estimates given in reference L. Inspection of figure 6 shows that
the estimates in reference 4 are in better agreement with the present
data than are the earlier results from reference 3. In particular, the

Size of Turbulent Areas

The probability distributions of the horizontal extents, or lengths,
of the turbulent areas encountered in each area of Operation are given
in figure 7. The curves in this figure show the probability that the



length of a turbulent area will exceed a given value. Inspection of

the results shows that the probability decreases rapidly with increasing
length. The results indicate, for example, that less than 50 percent

of the turbulent areas exceeded 10 miles in length and, except for the
operation over Japan, only about 1 percent exceeded 30 miles in length.
In addition, it may be noted that turbulent areas 150 to 200 miles in
length were encountered over Japan, whereas the meximum lengths for the
other operations were less than 50 miles.

CONCLUDING REMARKS

Measurements of atmospheric'turbulence by use of airplane-borne
instruments have been obtained during research flights of Lockheed U-2
airplanes to altitudes of 55,000 feet over four geographic areas:
Western United States, England and Western iurope, Turkey, and Japan.
The four combined data samples cover approxlmately 150,000 miles of
flight and represent the first extensive measurements of turbulence up
to this altitude. An analysis of these data has provided information on
the variation of the intensity and amount cf turbulence with altitude.
The results of the analysls have indicated that turbulence is generally
both less severe and less frequent at high altitudes (40,000 to
55,000 feet) than at the lower altitudes. From the overall viewpoint,
the data reflect an orderly decrease in the turbulence intensity with
increasing altitude. A notable exception to this pattern appears to
exist over Japan, however, where on two occasions large areas of
moderately heavy turbulence were encountered at altitudes of approxi-
mately 52,000 feet. In both of these instences, the turbulence
appeared to have been associated with the strong character of the jet
stream and with a mountain-wave phenomenon over the Japanese islands.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., January 21, 1959.



REFERENCES

1. Coleman, Thomas L., and Funk, Jack: Preliminary Measurements of
Atmospheric Turbulence at High Altitude as Determined From Accel-
eration Measurements on Lockheed U-2 Airplane. NACA RM I57All,

1957.

2. Coleman, Thomas L., and Coe, Emilie C.: Airplane Measurements of
Atmospheric Turbulence for Altitudes Between 20,000 and 55,000 Feet
Over the Western Part of the United States. NACA RM 1L57Goz2,

1957.

5. McDougal, Robert L., Coleman, Thomas L., and Smith, Philip L.: The
Variation of Atmospheric Turbulence With Altitude and Its Effect
on Airplane Gust Loads. NACA RM L53Gl5a, 1953.

L. Press, Harry, and Steiner, Roy: An Approach to the Problem of Esti-
mating Severe and Repeated Gust Loads for Missile Operations.
NACA TN 4332, 1958.

5. Richardson, Norman R.: NACA VGH Recorder. NACA TN 2265, 1951.

6. Pratt, Kermit G., and Walker, Walter G.: A Revised Gust-Load Formula
and a Re-Evaluation of V-G Data Teken on Civil Transport Airplanes
From 1933 to 1950. NACA Rep. 1206, 195k, (Supersedes NACA
TN's 2964 by Kermit G. Pratt and 3041 by Walter G. Walker.)

f. Corby, G. A.: The Airflow Over Mountains. Quarterly Jour. Roy.
Meteorological Soc., vol. 80, no. 346, Oct. 1954, pp. 491-521.

8. Tolefson, H. B.: An Investigation of Vertical-Wind-Shear Intensities
From Balloon Soundings for Application to Airplane- and Missile-
Response Problems. NACA TN 3732, 1956.

9. Widger, William K., Jr.: A Survey of Available Information on the
Wind Fields Between the Surface and the Lower Stratosphere. Air
Force Surveys in Geophysics No. 25, Air Force Cambridge Res.
Center, Dec. 1952. ‘



10

TABLE I.- SCOPE OF DATA SAMPLES

Geographic area | Mamber |Totel DHEN|  Deted o Mo
Western United States 2k 39,839 May 1956 to March 1957
Western Europe 87 60,51k May 1956 to Oct. 1957
Turkey 23 15,665 Nov. 1956 to June 1957
Japan 23 32,617 May 1957 to Feb. 1958




TABLE II.- DISTRIBUTION OF FLIGHT MILES BY ALTITUDE

FOR FOUR GEOGRAPHIC AREAS OF OPERATION

Flight miles for area of -

. Combined
Altitude » ft Western Western data
United Europe Turkey | Japan
States
20 to 25 x 107 695 3,153 333 890 5,071
25 to 30 508 3,754 451 602 5,315
30 to 35 609 3,263 693 698 5,263
35 to 4O 821 5,632 978 1,172 8,603
L0 to 45 1,358 6,316 1,152 1,k21 10,247
45 to 50 5,60k 10,528 4 kg7 4,642 25,271
50 to 55 30,244 27,868 7,561 | 23,192 88,865
Total Tght | 55 859 | 60,514 |15,665 | 32,617 | 148,635

miles . . . .

11
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TABLE III.- FREQUENCY DISTRIBUTIONS OF DERIVED GUST

VELOCITY FOR FOUR GEOGRAPHIC AREAS OF OPERATION

Derived gust

Frequency distributions for area of -

. - Combined
velocity, Ne§tern Western data
Uges fps United Europe Turkey | Japan
States
2 to 3 363 625 142 864 1,994
3 to k& 112 265 62 YLl 883
4 to 5 48 80 14 246 388
5 to 6 19 29 3 133 184
6 to 7 16 19 102 137
7 to 8 )i 6 58 68
8 to 9 2 3 - 28 33
9 to 10 1 23 2l
10 to 11 1 13 1k
11 to 12 1 6 7
12 to 13 1 4 5
13 to 1k 1 1
14 to 15 1 1
15 to 16 0 0
16 to 17 3 3
17 to 18 0 0
18 to 19 0 0
19 to 20 0 0
20 to 21 1 1
Total 568 1,027 221 1,927 3,743
Miles of flight
in rough air . . 753 1,276 2kl 1,545 3,815
Total flight
miles . . . . . 39,839 | 60,51k | 15,665 | 32,617 | 148,635
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TABLE V.- FREQUENCY DISTRIBUTIONS OF DERIVED GUST

VELOCITY FOR OPERATIONS OVER JAPAN

Derived gust

Frequency distributions for -

SEloc;ty’ Total sample | Flight Flight
de’ P (23 flights) CW-58-2 | CW-58-k

2 to 3 86k 396 120

3 to b Lhh 255 65

4 to 5 246 173 3]

5 to 6 133 119 9

6 to T 102 87 7

T to8 58 55 2

8 to 9 28 26 2

9 to 10 23 22 0

10 to 11 13 13 0

11 to 12 6 6 0

12 to 13 N N 0

13 to 1k 1 1 0

14 to 15 1 0 1

15 to 16 0 0 0

16 to 17 3 3 0

17 to 18 0 0 0

18 to 19 0 0 0

19 to 20 0 0 0

20 to 21 1 1 0

Total 1,927 1,161 237

Miles of flight
in rough alir . 1,545 151 1%
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Figure 5.- Percent of flight distance in rough air (clear-air turbulence)

at various altitudes for four geographic areas of operation.
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